Abstract: The application of dental restorative composites has opened wide possibilities in modern dentistry. The dental pastes studied in this work consist of a dimethacrylate-based matrix to which silica or ceramic fillers are added to improve their mechanical properties, colour stability and aesthetic appearance. The pastes were cured through free-radical polymerisation with visible light and were subjected to accelerated aging in the laboratory. The degree of monomer conversion with photo-curing, studied with FTIR and FT-Raman spectroscopy, was 42 ± 2% on average, which further advanced after aging to 56 ± 4%. The samples exhibited fluorescence at various intensities, which declined by the curing and aging procedures by a maximum of c. 20%, depending on the type of fillers present.
Introduction
Dental composite materials used for aesthetic and restorative purposes are basically composed of a cross-linked polymer matrix in which reinforcing inorganic filler particles are dispersed. The dental restoratives are commercially available as photocurable pastes, which are hardened in situ by visible light, undergoing free-radical polymerisation [1] [2] . Commonly used matrix resin monomers are the viscous bisphenol A glycidyl methacrylate (Bis-GMA), the urethane dimethacrylate (UDMA) and the bisphenol A ethoxylated dimethacrylate (Bis-EMA), Fig. 1 . Due to its low viscosity the triethyleneglycol dimethacrylate (TEGDMA) is also employed in the matrix as diluent, in order to improve the handling of the viscous ingredients. Typical fillers are nano-size as well as micro-size clusters and blends (hybrids) of quartz and lithium or aluminium silicate, barium or zinc glass particles. The type, shape and fraction of filler loading in the matrix determine the improved properties of the dental composites. These include mechanical endurance, low polymerisation shrinkage, fast curing, shade matching and colour stability, as well as polishability, radiopacity, and fluorescence, the latter adding to the restorative's natural appearance.
The requirement of rapid in situ polymerisation of the dental paste monomers does not usually allow for a complete monomer-to-polymer conversion [3] . The remaining unconverted monomers may be released into the oral cavity through water sorption and hydrolysis [4] , not only damaging the restorative but also increasing the risk of toxic exposure [5] . The degree of monomer conversion (DC) after photo-polymerisation, therefore, plays an important role in the restorative's mechanical endurance and its estimation is of major significance. While monomer conversion is far from being complete after the in situ dental restoration, exposure to the oral environment and UV sunlight radiation promotes DC further [6] to a degree that depends on the restoratives composition. Studying the implication of aging on the DC parameter is, therefore, quite pertinent in assessing the performance of the restorative, and can be achieved by artificially accelerated aging in the laboratory [7] . Fig. 1 . Chemical structure of the dental composite monomers used To study the DC factor of a number of dental composites, two complementary nondestructive tools of material characterization, namely Raman and IR spectroscopy, are employed in this work. The efficiency of Raman spectroscopy is limited, however, in the presence of fluorescence, which can mask the useful Raman frequencies of the matrix constituents, unless special techniques are introduced to remove it [8] . IR spectroscopy, alternatively, proves to be an efficient tool for the estimation the DC factor [9] . Yet, Raman spectroscopy is not less important in providing information regarding the levels of fluorescence in the samples, a property of the dental composite, which adds to the natural appearance of the product and which can be affected with curing and aging. When the samples are too opaque or too thick for standard transmission IR, as are those of the present work, the Fourier transform attenuated total reflectance IR technique, ATR-FTIR, is used instead.
The DC factor for dimethacrylate-based dental restoratives is estimated by the ratio of peak intensities of absorbed (or scattered) radiation at two molecular vibration frequencies, 1636 and 1608 cm -1 , before and after treatment. The frequency at 1608 cm -1 is used as reference and is assigned to the aromatic C=C stretch. The intensity of the peak at 1636 cm -1 , assigned to the aliphatic C=C stretch, decreases upon polymerisation, as the double C=C converts to single C-C bond and it therefore provides a means to monitor the extent of their conversion. The DC factor is estimated through Eq. (1) [10] .
In this work three dental composites are subjected to accelerated aging, under conditions akin to the oral ambience, and the results are studied with FTIR and Raman spectroscopy.
Experimental part

Materials
Three different brands of light-cured dental restorative composite pastes were studied, recognized by the following commercial names: Palfique Estelite (shade #A1), 3M TM ESPE Filtek TM Supreme (shade #A3B) and Tetric Ceram (shade #B2). The materials were chosen at random under no recommendation or obligation and they will be named, for the purposes of this study, as samples 1, 2 and 3, respectively. Their composition is shown in Tab. 1. Sample 1 has a Bis-GMA and TEGDMA matrix filled with spherically shaped submicron (0.2 µm) zirconia and silica fillers (82 wt.-%), which give it increased polishability [11] . The resin monomer system of sample 2 is a mixture of Bis-GMA, Bis-EMA and UDMA containing small amounts of TEGDMA. It is filled with nonagglomerated 20 nm nanosilica particles and aggregated zirconia/silica nanoclusters, of 5 -20 nm, or even 0.6 -1.4 µm in size. Its filler loading is 79 wt.-% [12] . Sample 3 has a matrix consisting of Bis-GMA, UDMA and TEGDMA. The filler loading is 79 wt.-% and features a combination of silanated barium glass, ytterbium trifluoride, silanated barium-aluminium-fluorosilicate glass and silanated silica glass [13] , which is also claimed to release fluoride after curing.
Procedure
Light-induced polymerisation, artificial aging and FTIR spectroscopy were performed at the School of Dentistry, Athens University. The composite pastes were placed in cylindrical metallic moulds 8.67 mm in diameter and 1.23 mm thickness. The moulds were pressed between two 1 mm thick glass plates and irradiated for 40 s at 850 mW/cm 2 [14] , Fig. 2 . A 3M ESPE Elipar Trilight blue-light halogen unit was used for the sample photo-treatment. FT-Raman spectra were obtained at 1000 scans (at approx. 13 s/scan; measured in the Chemistry Department, Athens University) with a Perkin Elmer spectrometer using a Nd:YAG laser at 1064 nm and 400 mW, a 180° scattering angle, 4 cm -1 resolution, and 1 s integration time. In order to test the effectiveness of photo-curing through the sample thickness, Raman spectra were obtained from both flat surfaces of the disks, yielding identical spectral features. FT-IR spectra were obtained with a Perkin Elmer micro ATR unit, using a 7 internal reflection, 10 x 5 x 1 mm and 45° KRS5 optical crystal at 2.3 µm depth of penetration, 1000 cm -1 wave number and 4 cm -1 resolution. The 'molecular spectroscopy-SPECTRUM' software of Perkin Elmer (version 3.02.01) was used to estimate peak heights on FTIR spectra, introducing the automatic baseline correction feature and further adjusting the baseline in relation to the two peaks of interest. Small adjustments to the baseline were found to introduce a maximum of 10% standard error in the estimated degree of conversion.
Artificial aging of the samples was performed in two steps, by (a) thermo-cycling and (b) UV irradiation, to closely resemble the oral ambience of natural aging conditions. During thermo-cycling the samples were sequentially immersed 300 times in a cold and warm bath at 5 and 55°C for 20 s, with the use of a robot-operated system built at the School of Biomaterials laboratory. Next, the samples were UV-aged inside a water bath (Suntest, Atlas CPS+, xenon arc sunlight spectrum lamp) at 37°C and irradiated with UV light at 765 W/m 2 (≈ 4·10 8 J/m 2 ) for 144 h. The equivalent of real life exposure to sunlight is estimated as 12 times longer (according to the manufacturer's recommendation) and can be approximately associated with five years of aging (a total of 1728 h; for 1 h/day of direct exposure to sunlight on average per season and average latitude this is equivalent to 1728/365 ≈ 5 years).
Results and discussion
Raman spectra can provide an estimate of DC for sample 1, which exhibits low levels of fluorescence. The Raman peaks of the basic matrix constituent frequencies are visible on top of the fluorescence background, denoted by the baseline increase with decrease of frequency. Photo-curing reduces the slope of the baseline by about 20% (in the region from 2000 to 800 cm -1 ) as estimated by comparison of spectra that have been normalized to the strong peak at 2927 cm -1 . Aging, on the other hand, is found to reduce the whole Raman intensity spectrum by about 20% between 2400 and 200 cm -1 . The latter is attributed to the change of the refractive index and degree of absorption of incident and scattered radiation, due to the consumption of surface resin and the exposure of the spherical sub-micron fillers. The wearing of the dental surface and the subsequent exposure of fillers, which scatter ambient light, were also confirmed by the whitening of the shade of sample 1. A detailed chromatographic analysis will be published in future work. Due to the rapid in situ photo-curing, monomers are trapped within the hardened dental composite's matrix [15, 16] Aging has the potential to promote conversion of those trapped monomers further, a behaviour that the present study confirms, Tab. 2. New Raman frequencies appear, and weak ones become stronger after photo-curing, two of them observed at about 600 cm -1 (590 and 636 cm -1 ) and a third one at about 1580 cm -1 , Fig. 3 . They are attributed to aromatic C…C in-plane quadrant bend and quadrant stretching, respectively [17] . The position of the shoulder at 1580 cm -1 shifts to 1586 cm -1 with aging. The peak at 1636 cm -1 does not disappear after polymerisation, indicating incomplete monomer conversion at the chosen curing conditions. The DC values thus measured by Raman spectroscopy are comparable with those estimated by FTIR, Tab. 2, and differing by about 10% on average.
The Raman spectrum of sample 2 is portrayed by high levels of fluorescence, the steep baseline slope, which almost entirely masks its matrix spectral features that appear as weak peaks positioned on top of the broad fluorescence background, Fig.  4 . Photo-curing and aging reduce the overall fluorescence by about 12% on average with each treatment, as observed by the decrease of the baseline slope between 3200 and 200 cm -1 , while the characteristic Raman peaks continue to remain indistinguishable. Fig. 3 . Raman spectra of sample 1. Unset paste (blue), photo-cured (black) and aged (red). Intensities are normalised with respect to the strong anti-symmetric CH 2 stretch mode. The spectra are smoothed versions of the originals
The Raman spectrum of sample 3 exhibits two broad features originating from the scattering of its filler ceramic particles completely masking the Raman frequencies of the matrix components. The high-frequency broad band extends from 1000 to 3600 cm -1 , peaking at about 2750 cm -1 with a weak shoulder peak at 3300 cm -1 . The lowfrequency band starts from about 1000 cm -1 and peaks at about 200 cm -1 . Photopolymerisation reduces only the intensity of the high-frequency shoulder feature weakly, by 8%, while the aging process affects both, reducing the intensity of the high-frequency shoulder by 10% and that of the low-frequency band by 24%.
Fluorescence in sample 3 appears more resistant to the effects of curing and aging than that of samples 1 and 2, a feature that must be attributed to the presence of a variety of ceramic filler particles. In the presence of fluorescence the degree of monomer conversion of samples 2 and 3 is estimated solely by FTIR spectroscopy, Figs. 6 and 7. In Fig. 5 the FTIR of sample 1 is also shown. Polymerisation is clearly not complete for all three samples exhibiting an average DC 0.40 ± 0.04, Tab. 2. Artificial aging promotes monomer conversion further in all three samples by 45 ± 8%, more intensely in sample 3, which has been promoted by 61%, making it more stable mechanically, chemically and chromatically. Finally, the current conditions of photo-curing succeed in converting monomers by the same degree throughout the samples' thickness, judging by the identical spectral peak heights obtained from both disk surfaces. Fig. 6 . FTIR baseline-corrected spectrum of sample 2 in two different frequency regions. Black: unset paste; blue: photo-cured; red: aged sample. The peaks at 1635.34 and 1608.08 cm -1 are marked in the spectrum of the cured sample. (The labelling for the top larger-scale spectrum is as follows: red is unset paste, blue is photo-cured and black is aged)
Conclusions
The current conditions for photo-polymerisation of the dental composites lead to incomplete monomer conversion exhibiting an average 42 ± 2% DC. Monomer conversion is found to advance with artificial aging, however, to 56 ± 4% average. Samples 1 and 2, which are similar in terms of filler composition and loading, also exhibit similar degrees of monomer conversion, after both the curing as well as the artificial aging processes, which is estimated to be equivalent to five years of real life's aging. Sample 1 displays low levels of fluorescence, which dropped by 20% after aging while its surface resin was worn under the intense aging conditions and its shade altered due to the exposure of the filler particles. Sample 3, which contains a large variety of ceramic filler particles, shows a distinct increase of the DC factor with aging, a favourable feature considering the mechanical endurance, colour stability and toxicity factors. The higher levels of fluorescence of samples 2 and 3 were only weakly affected by aging (by about 10%). Sample disks were thin and the light intensity of curing was adequate enough not to introduce any changes in the degree of monomer conversion with depth from the illuminated surface. Fig. 7 . FTIR baseline-corrected spectrum of sample 3 in two different frequency regions. Black: unset paste; blue: photo-cured; red: aged sample. In the lower spectrum the peaks are normalized to the intensity of the 1720 cm -1 mode so that the weaker spectral features are intensified
